Abstract: Amplification of picosecond pulses with greatly reduced amplified spontaneous emission compared to a standard semiconductor amplifier (up to 30dB) and a large increase in coherent spectral bandwidth is demonstrated in devices we have fabricated.
Introduction
Pulsed lasers with a coherent broad optical spectrum are attractive sources for use in e.g. arbitrary waveform generators [1] and optical code-division multiple-access (O-CDMA) systems [2] . Such systems can be realized on a single photonic integrated circuit when semiconductor mode-locked lasers (MLLs) are used as the pulsed source. Nowadays monolithic MLLs are able to produce pulses with durations down to 1-2ps, having a corresponding spectral width of up to 2-3nm [3] . To increase the optical bandwidth of picosecond pulses further, amplification and highly non-linear fibers are often used. In a photonic integrated circuit a semiconductor optical amplifier (SOA) is an option, though at the expense of adding amplified spontaneous emission (ASE) to the pulses. Also the broadening that can be achieved is limited. In this paper we present our device named IRIS [4] which we have designed to add bandwidth to an optical picosecond pulse, for applications as mentioned above. We experimentally compare the performance of a number of configurations of the IRIS device with an SOA of the same length.
IRIS device
The IRIS device consists of a series of equal pairs of one SOA section and one saturable absorber (SA) section, as schematically depicted in Fig. 1(a) . Its most important feature is that the saturation energy of the SA is lower than the saturation energy of the SOA. As a result a short pulse that propagates through the device will first saturate the SA and only after that the SOA, much like in passive mode-locking [5] . The IRIS devices have been realized using InP/InGaAsP bulk gain material, and operate at wavelengths in the region of 1.55 µm. The sequence of SOAs and SAs is fabricated by etching a shallow ridge waveguide of 2 µm width in the bulk gain material. To suppress lasing, the waveguide is oriented at the Brewster angle for the fundamental mode with the facets which have also been antireflection coated. To create electrical isolation between the SOAs and SAs, the most highly doped part of the pcladding layers is etched away using a dry RIE etch process. The isolation section between the SOA and SA has a length of 10 µm (shorter SAs) to 15 µm (longer SAs). Two gold metal pads alternately contact the waveguide sections to create two common contacts for the SOAs and SAs respectively ( Fig. 1(b) ). Amplification and absorption are realized by a forward or reverse electrical bias of the diode respectively. We have designed and realized a number of different device configurations with 20 SOA/SA pairs and varying length ratio between the SOA and SA. We have added 2 mm long SOAs on the same chip for reference purposes. The fabrication technology of the IRIS device is fully compatible with the technology to fabricate MLLs as presented in [6] . This allows for further integration of the MLLs with the IRIS device. 
Experimental results
Spectra of short pulses that have propagated through one of several designs of IRIS devices have been measured. The TE polarized input pulses have a peak power of approximately 0.08 W, a duration of 2.5 ps and a repetition rate of 10 GHz. Looking at the spectra, two important observations are made. First the attainable spectral broadening is larger for the IRIS devices (up to 4 nm, Fig. 2(a) ) for the shorter SA lengths (60 µm/10 µm and 55 µm/15 µm configuration) than for an equally long SOA (3 nm). The reason is that the temporal broadening of the pulse is limited due to the interplay between the pulse and the SOA and SA, much like in passive mode-locking. As a result the self-phase modulation is larger than in the SOA. Secondly, by increasing the reverse bias voltage on the SA sections the modulation depth in the spectrum can be decreased (Fig. 2(b) ). This feature of the spectrum makes the IRIS device more suitable for applications as mentioned above. A spectrum with less spectral structure requires less intensity modulation of the separate spectral components in a subsequent pulse shaping device.
The output pulse energy from the IRIS devices is only 2 dB lower than the output pulse energy from an SOA (Fig. 3(a) ). However the ASE is strongly reduced in the IRIS devices, up to three orders of magnitude (Fig. 3(b) ). The pulses have a large peak power compared to the ASE power level and therefore saturate the SAs as opposed to the ASE. The SAs become almost transparent for the pulse. Between the pulses the SA can recover and the ASE will be absorbed. This makes the IRIS device a very promising short pulse amplifier.
It can be concluded that the increased spectral broadening, the strongly reduced ASE levels and the compatibility of the fabrication technology, make that the IRIS device is most suitable for integration on a chip in more complex systems where a large optical bandwidth is needed, such as O-CDMA systems. 
